Xeroderma pigmentosum (XP) is a heritable human disorder characterized by defects in nucleotide excision repair (NER) and the development of skin cancer. Cells from XP group E (XP-E) patients have a defect in the UV-damaged DNA-binding protein complex (UV-DDB), involved in the damage recognition step of NER. UV-DDB comprises two subunits, products of the DDB1 and DDB2 genes, respectively. Mutations in the DDB2 gene account for the underlying defect in XP-E. The UV-DDB complex is a component of the newly identified cullin 4A-based ubiquitin E3 ligase, DDB1-CUL4A DDB2 . The E3 ubiquitin ligases recognize specific substrates and mediate their ubiquitination to regulate protein activity or target proteins for degradation by the proteasomal pathway. In this study, we have addressed the role of the UV-DDB-based E3 in NER and sought a physiological substrate. We demonstrate that monoubiquitinated histone H2A in native chromatin coimmunoprecipitates with the endogenous DDB1-CUL4A DDB2 complex in response to UV irradiation. Further, mutations in DDB2 alter the formation and binding activity of the DDB1-CUL4A DDB2 ligase, accompanied by impaired monoubiquitination of H2A after UV treatment of XP-E cells, compared with repair-proficient cells. This finding indicates that DDB2, as the substrate receptor of the DDB1-CUL4A-based ligase, specifically targets histone H2A for monoubiquitination in a photolesion-binding-dependent manner. Given that the loss of monoubiquitinated histone H2A at the sites of UV-damaged DNA is associated with decreased global genome repair in XP-E cells, this study suggests that histone modification, mediated by the XPE factor, facilitates the initiation of NER.
N
ucleotide excision repair (NER) is the principal pathway for removal of a broad spectrum of structurally unrelated lesions. In human cells, it is primarily responsible for repair of UV-induced cyclobutane pyrimidine dimers (CPD) and photoproducts. Defects in NER result in the UV-sensitive cancer-prone disorder, xeroderma pigmentosum (XP) (1) . Seven XP proteins, corresponding to the XP group A (XP-A) through XP-G complementation groups (2) , are components of the NER pathway. XP-C and XP-E are specific factors in the global genome NER (GG-NER) subpathway, which processes lesions in nontranscribed DNA and in nontranscribed strands (3) . XP-E is the mildest form of this heritable disorder. XP-E pathology is homogeneous both at the clinical (mild dermatologic manifestations, no neurological abnormalities, and late onset of skin tumors) and cellular levels (a modest NER reduction, due to only a partial deficiency in GG-NER; the fibroblasts from XP-E patients are less sensitive to UV than the cells from the other XP complementation groups) (4, 5) . At the biochemical level, XP-E is associated with a defective UV-damaged DNA-binding protein complex (UV-DDB) (6) , comprising the 48-kDa DDB2 protein and the 127-kDa DDB1 protein, encoded by the DDB2 and DDB1 genes, respectively (7, 8) . Mutations in DDB2 cause the XP-E phenotype (5, 9, 10) , and microinjection of DDB2 cDNA into XP-E cells restores NER capacity (5) .
Although UV-DDB binds avidly to fragments of DNA that contain damage induced by UV irradiation (11) (12) (13) , it stimulates NER of ''naked'' DNA only slightly in vitro (14) (15) (16) . In contrast to NER in XP-E cells, XP-E cell extracts display proficient NER of ''naked'' DNA in vitro, suggesting that UV-DDB has a role in the repair of DNA in chromatin (17) . DDB2 is the first molecule in the activity sequence of XP factors to colocalize with the DNA lesion (18, 19) . Additionally, the efficient performance of XP-C in recognizing a distortion in damaged DNA and colocalization of XP-C with UV-induced photolesions, depends on a functional DDB2 (20, 21) . These observations have led to the suggestion that UV-DDB has a role in initiating global NER by modifying chromatin in the vicinity of DNA lesions, which may facilitate rapid access of the repair machinery (17, 22, 23) .
The finding that UV-DDB is a component of the newly recognized RBX1-CUL4A-based ubiquitin ligase (DDB1-CUL4A DDB2 ) has shed some light on the complexity of the role of UV-DDB in NER (24) . In response to UV irradiation, the COP9 signalosome complex (CSN) (25) regulates the specific activity of the DDB1-CUL4A DDB2 ligase in NER. RNA interference with one of the CSN subunits, CSN5, affects the proficiency of NER in cells so treated (24) . Ubiquitin ligases (E3) are multiprotein complexes, which, as a part of the ubiquitin pathway, specifically recognize the substrates and mediate their ubiquitination (26) . Attachment of monoubiquitin or a polyubiquitin chain to a target protein activates proteins or marks them for proteasomal degradation, respectively (27) . Recently, evidence was presented that proteins involved in the damagerecognition step of GG-NER and transcription-coupled NER are subject to ubiquitination, which implies a novel regulatory mechanism in DNA repair (28) (29) (30) . The XP-C protein and its yeast counterpart Rad4 are ubiquitinated after UV irradiation of cells (28, 31) . The ubiquitination of Rad4 is a signal for degradation by the 26 S proteasome (30, 32) . In human cells, XP-C undergoes reversible ubiquitination with no obvious degradation as a consequence. The UV-induced modification of XP-C by ubiquitin and by SUMO1 depends on the presence of functional XP-E and XP-A proteins (33, 34) .
To address the role of the XP-E factor in the initiation of GG-NER in a chromatin environment, we sought an in vivo target of the DDB1-CUL4A DDB2 E3 by investigating the UVinduced monoubiquitination of histone H2A in NER-proficient and -deficient XP-E cells.
Results

DDB1-CUL4A DDB2 E3
Colocalizes with UV-Damaged DNA. Recent in situ studies confirm that overexpressed DDB2 is recruited to DNA damage sites before other XP proteins colocalize with photolesions (18) (19) (20) . Given that biochemical studies have demonstrated the binding of the DDB1-CUL4A DDB2 ligase to chromatin after UV treatment (24) , this observation poses the question whether CUL4, as a UV-DDB partner, can be detected specifically at sites of DNA damage. Localized cell areas were UV-irradiated through filters, and the initial recruitment of E3 ligase components to CPD lesions was assessed. For these experiments, WI-38 VA13 cells were transiently transfected with CUL4A-V5 and͞or DDB2-Flag cDNAs (20, 35) . We confirmed, by immunoprecipitation of tagged proteins in lysates of transfected cells, that ectopic CUL4A and DDB2 form a DDB1-CUL4A DDB2 complex with endogenous DDB1 and RBX1 proteins (data not shown).
All three proteins produced a very strong signal in the damaged DNA subnuclear spots, with little background in unirradiated areas of the cell (Fig. 1A) . When CUL4A and DDB2 were coexpressed in the WI-38 VA13 cells, both proteins colocalized within irradiated areas (Fig. 1B) . Hence, CUL4A as a component of the DDB1-CUL4A DDB2 ubiquitin ligase is concentrated at the sites of UV damage in DNA immediately after irradiation.
Mutations in DDB2 Affect the Formation of DDB1-CUL4A DDB2 E3 in XP-E Cells. Our previous study of naturally occurring mutations in XP-E patients provides an initial understanding of the functional domains of the DDB2 protein. All substitutions and a small deletion, found in XP2RO, XP25PV, and GM01646 mutants, are responsible for the loss of binding to DDB1 (5) . In view of conflicting data obtained on ectopically expressed subunits of the E3 (36, 37), we wondered whether an interaction between UV-DDB and CUL4A exclusively occurs through DDB1, or whether DDB2 could form a complex with CUL4A even though the molecular defects in these mutant lines abolish the interaction with DDB1. Immunoprecipitates (5) with DDB1 or DDB2 antibodies were tested for the presence of endogenous UV-DDB subunits CUL4A and RBX1 in normal and XP-E cells (Fig. 2) . Under these conditions, we did not detect CUL4A coimmunoprecipitated with DDB2 protein in an XP-E line (Fig. 2) , which suggests that mutations in DDB2 affect the formation of DDB1-CUL4A DDB2 E3 in XP-E cells. The amount of CUL4 pulled down with anti-DDB1 antibody was similar in control and XP-E cells, which confirms that the DDB1 interaction with CUL4A is independent of DDB2. Another E3 complex, formed between DDB1-CUL4A and Cockayne syndrome group A protein (24) , was detected in similar amounts in control and XP-E cells (data not shown).
XP-E Cells Are Defective in Binding DDB1-CUL4A DDB2 E3 to Chromatin After UV Irradiation. All XP-E cells are deficient in UV-DDBbinding activity (4, 5) . Combined with the above findings, this indicates a dysfunctional UV-DDB-based E3 in XP-E cells. We next examined whether the DDB1-CUL4A complex without DDB2 or mutated DDB2 alone can bind to chromatin in XP-E cells 45 min after UV irradiation, when DDB2 is retained in the chromatin-bound fraction of normal cells (Fig. 6 , which is published as supporting information on the PNAS web site). The cell fractionation procedure that was applied to UV or mocktreated normal and XP-E cells assured an enrichment in DNAbound nuclear proteins and also allowed us to monitor the translocation of UV-DDB from nuclear soluble into chromatinbound fractions upon UV irradiation ( Immediately after treatment, the cells were washed with CSK buffer (100 mM NaCl͞300 mM sucrose͞10 mM Pipes, pH 7.0͞3 mM MgCl 2, and protease inhibitors), incubated for 5 min in CSK plus 0.2%Triton X-100, and then fixed. Cells were counterstained with DAPI (blue). UV-irradiated sites were visualized by fluorescent immunostaining by using anti-CPD antibody (red). CUL4A was visualized by an antibody to the V5 epitope present on the transfected Cul4A (green). DDB2 was visualized by an antibody to the Flag epitope present on the transfected DDB2 (green), and endogenous DDB1 was visualized by a DDB1-IgY antibody (green). Merge shows the protein colocalization with damaged DNA. (B) The experiment was performed as described in A, except that the plasmids with CUL4A and DDB2 were cotransfected into WI-38VA13 cells. Merge shows that V5-CUL4A and Flag-DDB2 colocalize in the UV-irradiated subnuclear spot.
Fig. 2.
A naturally occurring DDB2 mutant fails to interact with CUL4A. The lysates of normal (GM01953) and XP-E (GM01646, with impaired interaction of DDB1 and DDB2 subunits) lymphoblastoid cells were immunoprecipitated with rabbit DDB2 and DDB1-IgY. The coimmunoprecipitates were separated on SDS gels and poly(vinylidene difluoride) membranes probed with DDB1, DDB2, CUL4 (8% gel), and RBX1 (12% gel) antibodies.
similar amount of CUL4A and DDB2 was coimmunoprecipitated from UV-damaged chromatin with both antibodies (Fig.  3 ). The same procedure in XP-E lymphoblastoid cells failed to show any enrichment of CUL4A and DDB2 proteins, either immunoprecipitated with DDB1 or DDB2 antibodies in UVdamaged chromatin (Fig. 3) , demonstrating a deficient DDB1-CUL4 DDB2 E3. Further, no difference in the subcellular distribution of mutated DDB2 was detected in the fractions before and after irradiation of the XP-E cells.
Ubiquitination of H2A After UV Irradiation Is Defective in XP-E Cells.
Given that UV-DDB is not essential for NER of purified DNA, but that DDB1-CUL4 DDB2 ubiquitin ligase colocalizes with CPD and binds to chromatin after NER-proficient cells have been irradiated with UV ( Figs. 1 and 3) , we hypothesized that the role of this E3 is to modify chromatin proteins, through ubiquitination, in the vicinity of DNA lesions to which it is bound, so that repair enzymes can access the site of damage. In vivo, ubiquitination of the histone proteins is primarily restricted to histones H2A and H2B, and 10% of H2A is typically ubiquitinated in mammalian cells (39) . To assess a possible relation between the DDB1-CUL4 DDB2 ubiquitin ligase and monoubiquitination of H2A (uH2A), we investigated the uH2A profile in response to UV irradiation in a panel of NER-proficient and -deficient cells.
Lymphoblastoid cells from several normal and XP-E cell lines were irradiated with a UV dose of 40 J͞m 2 and collected immediately or after a recovery period (Fig. 4) . Total cell lysates from treated and untreated cells were analyzed by immunoblots to assess the levels of uH2A. Lysates were chosen rather than acid extraction to avoid an extended preparation time and thus possible deubiquitination of H2A. The total cellular uH2A (free and chromatin-imbedded uH2A) was detected with an antibody highly specific for the modified histone (40) .
Normal cells responded rapidly to UV irradiation, with a dramatic loss of total uH2A (Fig. 4) . After 30 min, a recovery of uH2A was detected and by 2 h, the total cellular level of uH2A was restored to the level observed before irradiation (Fig. 7 , which is published as supporting information on the PNAS web site, and Fig. 4) . In several cases, cells were monitored for up to 15 h without any significant further increase in the uH2A levels ( Fig. 7 and data not shown). In contrast, all of the tested XP-E cell lines failed to restore the initial uH2A levels. Moreover, after a 2-h recovery period, there was no increase in uH2A, and in some cases, a further decrease was observed. Nevertheless, these lines also suffered a dramatic loss of uH2A immediately after UV treatment (Figs. 4 and 7) . Cockayne syndrome group A and XP-C cells, defective in transcription-coupled NER and GG-NER but with normal DDB2 activity (22) , showed responses similar to that of repair-proficient cells (Fig. 4) .
Two conclusions can be drawn from these experiments. First, deubiquitination of uH2A as a response to UV irradiation occurs, but independently of the UV-DDB complex. It has been proposed that cleavage of ubiquitin from nucleosomal H2A could be a ''nuclear sensor of cellular stress'' (41). Second, restoring the levels of uH2A depends on the presence of an intact DDB1-CUL4 DDB2 ubiquitin ligase.
DDB1-CUL4A DDB2 E3 Targets Histone H2A for Monoubiquitination at UV-Damaged DNA Sites. The difference in the uH2A profiles in XP-E cells suggests a role for DDB2 in the recovery of uH2A levels after UV irradiation. To address whether DDB1-CUL4A DDB2 E3 targets nucleosomal H2A for monoubiquitination at UV-damaged sites, immunoprecipitation from native chromatin was used (42) . Normal and XP-E lymphoblastoid cells were UV-irradiated and fractionated as in the experiment depicted in Fig. 3 . For the purpose of coimmunoprecipitating the UV-DDB E3 complex with chromatin proteins, either with DDB1 or DDB2 antibodies, a solubilized chromatin fraction was prepared by partial micrococcal nuclease (MNase) digestion for 2 min, such that native chromatin was fragmented primarily into penta, tetra-, tri-, di-, and mononucleosomes. Because of the crucial role of DNA fragment size in the outcome of immunoprecipitation of native chromatin with UV-DDB antibodies, the quality of the micrococcal digest was always assayed by agarose gel electrophoresis before the immunoprecipitation of the chromatin-solubilized fraction. The excessive MNase treatment resulted in the dissociation of the UV-DDB E3 complex from chromatin. The complex was found to be intact but was deprived of its contact with chromatin as assayed by the presence of either H2A or uH2A. (compare lanes 2 and 3 in Fig. 8 , which is published as supporting information on the PNAS web site).
All solubilized chromatin fractions, obtained from UV or mock-irradiated normal and XP-E cells, contain H2A and uH2A (inputs, Fig. 5 ). Although UV-DDB moves from the soluble nuclear fraction to the chromatin-bound fractions immediately after UV treatment (Figs. 5 and 6 ), coimmunoprecipitation failed to show a significant interaction with chromatin, as assayed by H2A levels (Fig. 5) . The stable interaction of UV-DDB with H2A and dramatic increase of coimmunoprecipitated uH2A (with both antibodies) were detected only in normal lymphoblastoid cells that were allowed a recovery period of 45 min after irradiation. We also detected uH2A in coimmunoprecipitates with DDB1 antibody, after a recovery period of 25 min (data not shown). During this series of experiments, it became evident that the antibody against DDB2 was less potent than the one against DDB1 in immunoprecipitating target proteins that were still associated with chromatin ( Figs. 5 and 8 ). It is possible that the conformation of the E3 complex with DNA is such that the N terminus of DDB2 is partially shielded and less accessible to the antibody made against an N-terminal peptide. Indeed, the same antibody can perform only a partial supershift of the UV-DDB complex bound to damaged DNA (5).
In XP-E lymphoblastoid cells with a deficient E3, there was no interaction between uH2A and UV-DDB protein, as determined by coimmunoprecipitation with DDB1 or DDB2 antibodies (Fig.  5) . Although DDB1 is bound to other chromatin targets independent of DDB2 (43) and can associate with nonubiquitinated H2A (Fig. 5) , it failed to coimmunoprecipitate with uH2A. It appears that the association of DDB1 and uH2A depends heavily on the presence of an active UV-DDB complex that is tightly bound at the sites of DNA lesions.
Discussion
A major challenge in research on NER is understanding how this process occurs in the nuclear context, and how cells overcome the apparent block to DNA repair occasioned by the surrounding chromatin packaging. Although transcription-coupled NER is transcription-dependent, the initiation of GG-NER seems to depend upon detection of a lesion in chromatin by damagespecific binding proteins (23, 29, 44 ). In the current study, we demonstrate that DDB1-CUL4A DDB2 E3 colocalizes with CPD and coimmunoprecipitates with uH2A in response to UV irradiation in a manner that depends on DDB2 function. That uH2A was detected in the complex with UV-DDB bound to short polynucleosomes (Fig. 5) suggests that H2A ubiquitination occurs in the vicinity of UV lesions. Despite the fact that DDB1-CUL4A DDB2 E3 is immediately detected at the site of a lesion under the experimental conditions used, uH2A appears on DNA Fig. 5 . The UV-DDB complex coimmunoprecipitates with uH2A. The chromatin-insoluble fractions from a normal and an XP-E cell line (5 ϫ 10 6 cells) were digested with MNase to achieve a DNA ladder of mononucleosomes to oligonucleosomes visible in an agarose gel. Histone H2A and uH2A were assayed as coprecipitates of the DDB1-IgY and DDB2 native chromatin immunoprecipitation. Cells were collected at three time points: before UV treatment (ϪUV), immediately after treatment (0 min), and 45 min after recovering from UV treatment at 37°C (45 min). For each time point, an input lane is included which also serves as a loading control. After SDS͞PAGE, proteins were transferred on the appropriate membranes and blotted with antibodies against DDB1, DDB2sc, uH2A, and H2A.
at a later time (between 25 and 45 min), when the stable complex between UV-DDB and histone H2A is achieved. This may indicate that, at an early stage, interactions are fragile and can be disrupted by MNase treatment of native chromatin. However, the appearance of ubiquitinated uH2A in this study correlates with the time when a significant amount of UV-induced ubiquitinated XPC was detected (33) . Remarkably, activation of the DDB1-CUL4A DDB2 E3, through dissociation of the COP9 signalosome and neddylation of CUL4A, occurs 30 min after irradiation and gradually decreases thereafter (24) . Subsequent reassociation of the COP9 signalosome with the complex (2 h thereafter), leading to inhibition of the E3 (24), correlates with the prominent degradation of the chromatin-bound DDB2 shown in Fig. 6 . In XP-E cells, neither DDB1 nor DDB2 colocalizes with uH2A, which is an additional indication that the uH2A detected in normal cells is located at the sites of DDB1-CUL4A DDB2 E3 recruitment and cannot be attributed to DDB1 binding alone. Taken together, our data lead to the conclusion that the DDB1-CUL4A DDB2 E3 in vivo targets histone H2A for ubiquitination at UV-damage DNA sites, where DDB2 serves as the substrate receptor.
The monoubiquitination of lysine 119 of nucleosomal histone H2A is a bulky structural alteration in the vicinity of a binding site for linker histone. It is presumably associated with changes in chromatin structure and does not constitute a degradation signal. This raises the question of the actual role of uH2A. One possibility is that histone ubiquitination shifts chromatin from a compact structure to a relaxed conformation (39) . The resulting architectural change of the nucleosome(s) at the UV lesion could facilitate access of the NER machinery (44) , further supporting the model of chromatin relaxation monoubiquitinated H2A preferentially localized at decondensed trancriptionally active chromatin, whereas heterochromatin is practically free of ubiquitinated histones (45) . Moreover, the H2A monoubiquitination and deubiquitination cycle is a key regulator of chromatin condensation during the cell cycle (46) . In mammalian cells, it was shown recently that uH2A marks certain inactive chromatin regions, possibly playing a role in maintaining the inactive chromatin state (47) . To complicate matters even more, the in vitro reconstitution of nucleosomes with uH2A or uH2B does not result in any obvious perturbation of the overall structure (48) (49) (50) .
In addition to a possible role of uH2A in affecting the conformation of the chromatin at the site of a DNA lesion, uH2A could constitute a signal for the assembly of NER factors. A ubiquitin-binding domain (51) of a repair protein could couple uH2A to the rest of the NER machinery. Indeed, the DNA repair protein RAD23B (which forms the damage recognition complex with XPC) has two ubiquitin-associated domains (a class of ubiquitin-binding domain) reported to bind ubiquitin (52) . Moreover, UV-induced XP-C translocation within chromatin is compromised in XP-E cells (53) . Further, Sugasawa et al. (33) reported that XP-E cells are defective in polyubiquitination of XP-C, and that recombinant UV-DDB-ubiquitin ligase catalyzes this modification of the XP-C protein.
Our results indicate an important link between defective uH2A and defective DNA repair. Impaired ubiquitination of histone H2A after UV treatment of XP-E cells may lead to a chromatin structure with restricted access for the NER machinery or to defective recruitment of DNA repair proteins.
Materials and Methods
Cell Lines. Normal human lymphoblastoid (GM01953, CROFT, and GM07524), XP-E lymphoblastoid (GM01646, XP23PV, XP25PV, and XP27PV), CS-A (GM02964), and XP-C (GM02246) cells (obtained from the Coriell Cell Repository) were grown in RPMI media 1640 supplemented with 10% FCS and glutamax. WI-38 VA13 transformed primary human fibroblasts (obtained from American Type Culture Collection) were grown in DMEM media supplemented with 10% FCS, essential and nonessential amino acids, and glutamax. All cells were kept at 37°C in a humidified atmosphere with 5% CO 2 .
Plasmids and Transfections. The human CUL4A clone (no. 3537176) was obtained from Open Biosystems (Huntsville, AL) in bacterial stocks. The full length CUL4A cDNA (GenBank accession no. AY365124) was PCR-amplified with primers designed to introduce restriction sites at the 5Ј and 3Ј ends, and a V5 tag was introduced at the C terminus. The PCR products were cloned into the pcDNA 3.1 vector (Invitrogen). The Flag-DDB2 cDNA (5) was subcloned into the pcDNA 3.1 vector. The WI-38 VA13 cells were transiently transfected with cDNA constructs by using Fugene 6 (Roche Applied Science, Indianapolis), according to the manufacturer's instructions.
Antibodies. A new antibody [DDB1-immunoglobulin Y (IgY)]
was prepared against full-length human DDB1 protein (54) in chickens by Aves Labs (Tigard, OR). The rabbit DDB2 and DDB1 antibodies were previously described (5). Goat cullin 4 and goat DDB2sc (Santa Cruz Biotechnology), mouse Flag: M2 (Sigma), mouse V5 (Invitrogen), rabbit RBX1 (Sigma), mouse hemagglutinin (Covance, Richmond, CA), and H2A as well as uH2A (Upstate Biotechnology, Lake Placid, NY) antibodies were obtained commercially. Mouse anti-CPD (Kamiya Biomedical, Thousand Oaks, CA), goat V5-FITC (Bethyl Laboratories, Montgomery, TX), and rabbit Flag (Sigma) were used for indirect immunofluorescence. Secondary antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 were purchased from Molecular Probes.
UV and Indirect Immunofluorescence. For micropore UV irradiation (35, 55) , cells grown on glass coverslips were covered with the filter and irradiated from above with UV-C radiation at a dose rate of 0.5 J͞m 2 per sec. After in situ detergent extraction, cells were fixed in 2% paraformaldehyde in PBS for 15 min, made permeable with one wash and two 10-min incubations with cold 0.2% Triton X-100 in PBS (Triton buffer) and blocked in 5% BSA for 20 min. DNA was denatured with 0.4 M NaOH for 4 min and washed repeatedly with PBS. Cells were incubated with the primary and secondary antibodies for 1 h each and washed with cold Triton buffer. The coverslips were mounted on a slide with vectashield containing DAPI. The indirect fluorescence images were obtained with an Olympus (Melville, NY) Fluorescence Microscope AX70 Provis. The digital images were captured with a cooled charge-coupled device camera, processed, and superimposed with the help of SPOT software (Diagnostic Instruments, Sterling Heights, MI).
Preparation of Native Chromatin. Coimmunoprecipitation from uncrosslinked chromatin was used to test for a physical interaction between histone H2A and DDB1-CUL4A DDB2 E3. The high affinity of UV-DDB for chromatinized DNA in irradiated cells enables it to withstand treatment with MNase (24) during immunoprecipitation of native chromatin (42) .
The cell pellet was washed in cold PBS and fractionated into cytosolic and 0.3 M nuclear soluble fractions, as described (5) . To obtain a soluble chromatin fraction (42), the remaining pellet (chromatin-bound fraction) was resuspended in CS buffer (20 mM Tris⅐HCl, pH 7.5͞100 mM KCl͞2 mM MgCl 2 ͞1 mM CaCl 2 ͞ 0.3 M sucrose͞0.1% Triton X-100, and complete protease inhibitors). The concentration of MNase and time of incubation at 37°C varied (24, 42) : For complete digestion into mononucleosomes, 400 units͞ml MNase was added, and samples were incubated at 37°C for 5 min. For partial digestion, MNase was added at 27 units͞ml, and the samples were incubated at 37°C for 2.5, 5, 7.5, 10, and 25 min. The reaction was stopped by adding 5 mM EDTA. Samples were centrifuged and the supernatant used as the solubilized chromatin fraction.
Chromatin Immunoprecipitation and Immunoblotting. For coimmunoprecipitation of free or chromatin-bound UV-DDB subunits, the cells or solubilized chromatin fractions were resuspended in Nonidet P-40 buffer [50 mM Tris⅐HCl (pH 8.0)͞100 mM NaCl͞5 mM MgCl 2 ͞1% Nonidet P-40, and protease inhibitors). The suspensions were incubated for 2 h with antibody at 4°C followed by 1 h with protein A coupled agarose beads or anti-IgY coupled agarose beads. The coimmunoprecipitated complexes were washed four times with Nonidet P-40 buffer and boiled in gel-loading sample buffer [50 mM Tris (pH 6.8)͞4 M Urea͞1% SDS͞4% 2-mercaptoethanol, and dye) for 10 min. Proteins were separated on 8% and 12% SDS͞PAGE gels and transferred to Immobilon-P membranes.
For histone coimmunoprecipitation and immunoblotting, the solubilized chromatin fractions were incubated overnight with DDB1-IgY or DDB2 antibodies at 4°C, followed by the same procedure as above. Proteins were separated on a 12% SDS͞ PAGE gel and transferred to an Immobilon-P membrane (upper part, including proteins Ͼ30 kDa) or a nitrocellulose membrane (lower part, including proteins between 10 and 30 kDa). The membranes were incubated overnight with primary antibodies and for 1 h with the corresponding alkaline phosphatase (AP) or horseradish peroxidase (HRP)-conjugated secondary antibodies. Proteins were detected by a chemiluminescent signal produced by the appropriate AP or HRP substrate. The chemiluminescent signal was captured by BioMax-Light film (Kodak) and a Chemi-Doc System (Bio-Rad).
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